Abstract. Unmanned aerial vehicles (UAVs) have received considerable attention in many civilian and military fields. Performing environmental monitoring, and surveying applications have very specific constraints on power, cost, weight, and flight endurance. Because of the limited flight duration of electric UAVs that are powered by only batteries, this paper proposed the development of a new power system for long endurance UAVs propulsion application. This power system consists of a fuel cell stack, a pack of Lithium-ion batteries, and a DC-DC buck converter.
Introduction
Unmanned aerial vehicles (UAVs) have received considerable attention in many military and in law enforcement missions (e.g., reconnaissance, remote delivery of urgent equipment/material, battlefield monitoring, etc). UAVs have also gained popularity in civilian applications (geological surveying, search and rescue operations, etc). The reason for this attention is that UAV platforms are low-cost and viable alternatives to manned aircraft as valuable sources of data for much application. For UAVs to perform these long endurance applications, their power sources need to be developed to ensure the long endurance functionality of the propulsion system and onboard equipment [1] .
Paper: ASAT-16-059-EP Although long endurance is achievable with conventional fuels, hydrocarbon-fueled systems are usually loud, inefficient, and unreliable when it comes to those small flying vehicles. On the other hand, batteries do not offer enough power for battery-powered systems for a long duration flight due to the low energy density of the battery system, especially where cameras and other equipmentpowered by the same battery as the UAV's propulsive system -are in use. In addition to that, the longer battery charging time is another constraint to limit the pure battery driven vehicles. Therefore researchers started the development of powering long endurance UAVs by renewable and clean energy sources. Alternatives to the combustion of gasoline and other fossil fuels, renewable energy sources offer higher power and energy densities, lower cost, non-carbon emission, more-efficient power, lower acoustic and heat emissions which are also required to hinder detection and facilitate performing the missions. One of these renewable energy sources of electric power is the fuel cell.
A fuel cell is an electro-chemical device that converts chemical energy into electrical energy and heat as a byproduct. The fuel cell will continuously deliver electric power as long as fuel is supplied. The most commonly used fuels are hydrogen and oxygen. There are many types of fuel cells available today: such as proton exchange membrane fuel cells, alkaline fuel cells, phosphoric acid fuel cells, solid oxide fuel cells, and molten carbonate fuel cells [2, 3] . In this paper, Polymer Electrolyte Membrane or Proton Exchange Membrane fuel cells (PEMFCs) are used because of their comparatively high efficiency, high energy density, low working temperature (
), compactness, easy and safe operational modes, in addition of being available in the marketplace for a variety of different systems [4, 5] .
Unfortunately fuel cells have some disadvantages such as slow dynamic response time, relatively long warming up time before full power output is available, and their stack output voltage are sensitive to sudden changes in the loads [2] . On the other hand, the battery has a fast dynamic response time to fluctuations in a load, and has high power density therefore; the hybrid solution between the PEMFCs and Lithium-ion batteries represents one of the ideal power solutions for long endurance UAV flights. This hybrid system allows exploitation of the advantages of both energy sources and undermines their disadvantages. A DC-DC buck converter is proposed to step-down the fuel cell stacks output voltage to a desired value. Hence, a fuel cell stack, a pack of Lithium-ion batteries, and a DC-DC buck converter will constitute the fuel cell-battery hybrid system. A PID controller is suggested for the DC-DC buck converter to ensure a constant output voltage and to reject the disturbance from load and fuel cells stacks. Traditionally, ad-hoc methods have been used to choose PID parameters. In this work, multi-parameter optimization technique is used for tuning the gains of the PID controller. This decreases the time and effort for tuning parameters considerably and proves that the day of ad-hoc methods for tuning PID controllers is ending [6] .
The paper is organized in six sections: Section 2 describes briefly the components of the fuel cellbattery hybrid system. Section 3 details the operational characteristics and the mathematical modeling of the PEMFC, the Lithium-ion battery, and the DC-DC buck converter. In Section 4, the whole system is implemented in the Simulink environment, and a description of the UAV's mission scenario is presented. The design of the buck converter controller is detailed and the simulation results are explained in Section 5. Finally, the paper concludes with a brief summary in Section 6. Fig. 1 shows the proposed fuel cell-battery hybrid power system. It consists of a PEMFC as a primary power source and a pack of Lithium-ion batteries as a second power source. A DC-DC buck converter is used to step down the voltage to power: (i) a continuous load; a BLDC motor which represents the propulsive electric motor and (ii) suddenly changing loads; such as camera and servos.
Hybrid System Description
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Polymer electrolyte \ proton exchange membrane fuel cell
A PEMFC consists of a solid polymer electrolyte membrane sandwiched between two electrodes (anode and cathode), as shown in Fig. 2 . When the hydrogen is injected at the anode and enters the electrolyte, it ionizes [2, 7] . Anode:
(1) Only protons are allowed to pass through the electrolyte, therefore the protons move across the electrolyte to the cathode to rejoin with oxygen, while the freed electrons from the hydrogen atoms travel through an external circuit to recombine with oxygen at the cathode.
Therefore, the overall chemical reaction becomes:
Electricity + heat (3) i.e., hydrogen gas is recombined with oxygen gas producing electricity with water vapor as emission. A closed loop system could be operated whereby the water from of the PEMFC can be electrolyzed into oxygen and hydrogen for later re-use. Oxygen is generally obtained from the surrounding air.
Typically, a single fuel cell produces voltage between 0 and 1V. The relationship between output voltage and load current is given as:
To produce a higher voltage, multiple cells have to be connected in series to build a fuel cell stack. Fig. 3 shows our fuel cell stack, which comprises 14 cells; the parameters of each are listed in Table 1 .
Lithium-ion Battery
Lithium-ion battery is chosen to be the second energy source with the PEMFC in the hybrid system because of its relatively high specific power and energy, high energy efficiency and long cycle life [8] . Lithium-ion battery model is introduced in Fig. 4 . The parameters of used battery (model no.:BP2546) are shown in Table 3 [9] . 
Buck Converter
Buck converter is a type of switching-mode power supply which is used for stepping-down DC voltage level. It uses two switches (a MOSFET and a diode), an inductor and a capacitor. In Fig 5, when a positive signal is applied at the MOSFET gate (g > 0), the DC input voltage V in from the PEMFC is allowed to charge the inductor and to supply output voltage V out across the output capacitor C out . Charging will continue till V out reaches to reference voltage V ref , then the control part turns OFF the switch (g = 0). The inductor will then change its voltage polarity and the current will flow in the same direction through the diode which is turned ON by switch controller part. Discharging will continue until V out reaches below V ref , then control part again turns ON the MOSFET to compensate V out drop and this cycle continues until complete regulation of V out [10] . This process is accomplished by sensing the output voltage of the circuit by means of a negative feedback loop to the pulse-widthmodulation (PWM) generator which controls the ON and OFF states of the MOSFET switches.
Controlling the switches, or in other words changing the duty cycle D to keep V out equal to V ref can be explained as follows: the error voltage (V E =V ref -V out ) is compared to sawtooth ramp V saw generated by ramp generator, if voltage V E is higher than V saw as in Fig. 6 , the PWM generator reduces the duty cycle by holding ON the MOSFET gate for a short time of every cycle. While V E is lower than V saw , the PWM generator increases the duty cycle by holding ON the gate for the most of cycle to rectify the output voltage. 5), and it has a value in the interval 0 to 1.
RDSon in
The selection criterion of the buck converter elements is explained as follows: the output capacitor (C out ) is chosen to filter the switching ripple; its capacitance must be large enough so that its impedance is much smaller than the load at the switching frequency, allowing most of the ripple current to flow through the capacitor, not the load. The output capacitor's equivalent series resistance R Cout must also be taken into account because its parasitic resistance causes additional voltage ripple [11] . The output voltage ripple ripple V and the minimum output current I min are assumed to be 1% of V out and 10% of I out , respectively: 
The minimum inductor value (L min ) is calculated as follows:
According to the above equations, the calculated buck converter parameters are listed in Table 4 . 
System Integration and Mission Scenario
The sub-systems are integrated in the Simulink environment as shown in Fig.7 . The scenario of UAV's mission is shown in Fig. 8 . At start-up process, the Lithium-ion battery is used to supply the power to the propulsive BLDC motor due to its fast dynamic response time of milliseconds. Then after 30 sec, the hydrogen fuel pump is switched ON to supply the fuel to the fuel cells, which in turn take about 30 seconds for the fuel cell reactions and the stack heating to reach power at maximum efficiency and hence the battery is switched OFF.
Paper: ASAT-16-059-EP The UAV's mission begins with the take-off and climbing modes; using the elevator control surface, and lasts until the desired altitude is achieved. Then the UAV starts to fly horizontally towards the target destination. After flying 20 min, the camera is switched ON for about 45 min. After finishing its mission, the UAV returns back to reach the landing site again using both the ailerons and rudder control surfaces, followed by descending mode using the elevator control surface. The amounts of power consumed by the loads vary according to their resistant loads. Table 5 summarizes the scenario of UAV's mission and illustrates the resistant loads of the propulsive BLDC motor [12] , the control surfaces actuators and the camera.
Buck Converter Controller Design and Simulation Results
Although a PID controller is one of the earlier control strategies, it still has a wide range of applications in industrial control due to its easily implementation in the field environment.
A mathematical description of the PID controller is:
where in our case; Fig. 5, u(t) is the input signal to the duty cycles block, the error signal As shown in Fig. 9 , BLDC motor is started-up using the battery only, where the PEMFC gives no output current. One minute later, the fuel cell became capable of feeding the whole system thus the battery is disconnected. During horizontal flight as shown in Figs. 11 and 12 , the BLDC motor; the only load, is powered via the buck converter, the load output current drawn is 0.92A and the output voltage is 12V.
It was clear from Fig. 10 and Fig. 12 , that the fuel cell stack output voltage is sensitive to sudden changes in the loads, and that the designed optimized PID controller is capable to convert the stack voltage into standard DC and to achieve a satisfactory transient behavior. 
Conclusions
Because of the limited flight endurance of electric UAVs that are powered by only batteries, this paper proposed a new power system for long endurance flight applications. This power system consists of a fuel cell stack, a pack of Lithium-ion batteries, and a DC-DC buck converter. 
